In this study, TiO(OH) 2 /MnO 2 /PEG 12000 composite was elaborated on pure copper in a two-step deposition process in the presence of 1% w/v of polyethylene glycol 12000 (PEG 12000 ). The influence of PEG 12000 on the composite morphology, composition and surface roughness was studied by SEM-EDS and AFM techniques. The results show that a porous composite of a multilayer structure with PEG 12000 dispersed spherical particles was synthesized. Though the roughness homogeneity of TiO(OH) 2 /MnO 2 /PEG 12000 was slightly improved, carbon content ranges from 5 to 12 At% reflecting an adsorption process of PEG 12000 during the composite deposition. Results were confirmed by XPS technique, which provides further evidence about the existence of PEG 12000 . High-resolution C1s and O1s signals affirm the presence of the characteristic C-O bond, resulting from the coupling of PEG 12000 on the composite surface. The electrochemical corrosion was evaluated in chloride medium by OCP measurements and linear polarisation curves. It was found that the corrosion resistance of TiO(OH) 2 /MnO 2 composite was improved markedly in the presence of PEG 12000 . The stability of TiO(OH) 2 /MnO 2 /PEG 12000 composite was also studied by following the evolution of impedance parameters during immersion time in 0.05 M NaCl medium completed by a characterization of the composite morphology and composition at the end of immersion by SEM-EDS and XPS analysis. The composite indicates good stability due to the formation of PEG-CuCl complexes, capable of limiting the infiltration of Cl − ions in both the composite and the substrate surfaces.
Introduction
Over the last two decades, the development of composite coatings has achieved rapid and steady growth over traditional ones (metals, alloys, and polymers), due to their attractive properties at the origin of innovative technological solutions.
Copper and its alloys are used commonly in many industrial applications due to their excellent thermal and electrical conductivities. However, when subjected to severe conditions (harsh thermal conditions, friction, and aggressive medium), their durability notably reduced, and their corrosion then induced [1, 2] . By applying composite coatings, it is possible to prevent or limit copper corrosion [3] [4] [5] .
Titanium oxide composites have been the subject of various research in recent years. Used as a surface coating, they provide the metal substrate with non-similar corrosion protection. Tatsuma et al. verified the effectiveness of TiO 2 -WO 3 composite coatings against the corrosion of 304 stainless steel in 3% NaCl solution [6] . In light of this work, Subasri et al. developed photoelectrodes based on SnO 2 -TiO 2 composites on ITO to test its anticorrosive performance [7] . However, so far, there is no work in the literature on the applicability of TiO 2 /MnO 2 -based composite coatings.
In our previous work [8] , a composite coating based on titanium oxyhydroxide and manganese oxide TiO(OH) 2 / MnO 2 was deposited on a copper substrate but showed limited corrosion resistance in aggressive chloride medium. However, due to its biocompatibility and non-toxicity, an approach has been adopted in this work to improve its anticorrosive performance. The addition of polyethylene glycol (PEG) as an additive appears to be the most suitable solution. This choice is based on its interesting proprieties of corrosion inhibitor [9] [10] [11] , size reducer [12, 13] and especially its ability to affect the physical proprieties of the medium without changing the reaction path of the composite formation.
PEG determines the final properties of deposits such as morphology and corrosion rate. Ballesteros et al. verified the presence of interactions between the PEG 20000 and the electrode surface during the zinc nucleation process [14] . Wang et al. showed a deceleration of the initial corrosion rate of coated magnesium alloy in the presence of PEG [15] . A modification of the surface morphology and corrosion resistance of NiP/TiC composite deposited on carbon steel in the presence of PEG was also verified [16] .
In this work, TiO(OH) 2 /MnO 2 composite elaborated on pure copper without PEG addition [8] will be used as a reference coating to highlight the effect of PEG 12000 on its surface characteristics, corrosion resistance, and electrochemical stability.
Experimental

Electroplating Conditions
The substrate is pure copper (1 cm 2 ) coated in a chemically inert resin to obtain active and reproducible surfaces. Before use, the copper substrate underwent a mechanical mirror polishing with an automatic polisher using SiC abrasive paper of increasing porosity from 1000 to 2400, then cleaned with demineralized water and finally dried with an absorptive paper.
All electrochemical experiments were carried out using a classical three-electrode cell, a copper substrate as a working electrode and a platinum-titanium plate as an auxiliary electrode. A mercury sulfate reference electrode MSE (Hg/ Hg 2 SO 4 , saturated K 2 SO 4 ) (E = + 0.656 V/NHE) was used during electrodeposition to prevent the diffusion of chloride ions. However, during corrosion tests in NaCl solution, it was replaced by a saturated calomel electrode SCE (Hg/ Hg 2 Cl 2 , saturated KCl) (E = + 0.244 V/NHE).
A TiO(OH) 2 /MnO 2 /PEG 12000 composite was electrodeposited on copper in two sequential steps from two separate aqueous solutions: titanium oxysulfate for the deposition of TiO(OH) 2 and potassium permanganate for the electroplating of MnO 2 . The optimized amount of PEG 12000 (1% w/v) was added in each electrolytic bath. It acts as an additive and also contributes as a co-solvent by lowering the polarity of water molecules [17] . The solutions were prepared immediately before each experiment. They were stirred continuously for one hour in an aerated aqueous medium to get maximum solubility. The experimental conditions and the plating bath compositions are shown in Table 1 .
Analytical and Electrochemical Techniques
Surface morphology and chemical composition were evaluated using a scanning electron microscope (MEEL JOEL 5410 LV) coupled with dispersive energy spectroscopy (EDS CDUTM LEAPTM).
Glow discharge optical emission spectroscopy (GDOES) was used to determine the dispersion profiles of various elements present in the elaborated composite. The monitoring of the evolution of elements in the coating was carried out from the extreme surface to the deposit/substrate interface. The instrument is Jobin-Yvon GD. The copper area used is 4 cm 2 in an argon atmosphere as an ionizing gas. In addition, the pressure and power were set at 650 Pa and 30 W, respectively.
CSI Nano-Observer atomic force microscope (AFM) was used to study the topography and surface roughness of composites on the copper substrate. The measurements were performed in contact mode at ambient temperature using nanofabricated probes with a highly doped single crystal silicon. All images were obtained at a scanning speed set at 1 line/s and are represented in the so-called height mode, in which the highest part appears brighter. Image processing and rugosimetric parameter determination were obtained from Digital Surf's Mountains software. For each sample, six roughness measurements were realized for each selected area (50 × 50 µm). Surface analysis was performed by X-ray photoelectron spectroscopy (XPS). The PHI 5000 Versa Probe used for analysis is equipped with Al-Kα monochromatic radiation (hʋ = 1486.6 eV), operated at a power of 50 W (15 kV).
The aperture had a 0.2 mm diameter. Photoelectrons were collected from a take-off angle of 45° (with respect to the sample surface). The pressure in the analysis chamber was conducted at an argon pressure of 10 −8 Pa.
The C1s binding energy of carbon contamination was set at 284.8 eV. The charging effects were corrected accordingly. Band component analysis was achieved using the PHI Multipak software. The XPS spectra were fitted using a Gauss-Lorentz cross-product function and Shirleytype background subtraction (CasaXPS software). All peak intensities were normalized to a maximal value of 1 for comparison.
Corrosion studies were carried out in an aerated aqueous 0.5 M NaCl solution, maintained at room temperature and without stirring, using the same apparatus PGZ-401 employed during the composite deposition. The open circuit potential (OCP) measurement was monitored for one hour of stabilization in chloride medium. The linear polarization curves were recorded from the cathodic potential E cath = − 300 mV towards the anodic one E anod = + 500 mV vs. SCE with a scanning rate of 1 mV s −1 . OCP measurements were used not only to study the modifications that can occur on the copper surface during immersion (degradation, passivation or immunity), but mainly to fix the immersion time required to reach a stable potential (stationary regime), considered as an imperative condition to plot both the polarization curves and the impedance diagrams. Indeed, as its name applies, plotting the open circuit potential versus time required that no net current flow exists at the copper/electrolyte interface (i = 0), it can even be plotted using only the working and the reference electrodes, no counter electrode is needed at zero current.
In our case, the equilibrium time required to reach a steady state is determined implicitly through OCP = f(t) curve and corresponds to the time that flows until reaching a stable potential (ΔE = 0). Therefore, it's worthless to fix the equilibrium time before OCP measurements because it will hide the initial drop of OCP potential for bare and coated copper in chloride medium.
Regarding the linear polarization curves, they were plotted directly after OCP measurements, which already reached a steady state.
The stability of the composite developed on copper during aging in a weakly chlorinated medium (0.05 M NaCl), was evaluated basically by electrochemical impedance spectroscopy (EIS). For measurements, the frequency ranges from 100 kHz to 2 MHz with 10 points per decade using an amplitude of 10 mV peak to peak at the open circuit potential (OCP). The impedance spectra were fitted using the Equivalent Electric Circuit (EEC) model using a ZSimpWin software. Each experiment was performed at least three times to ensure reproducibility. Identical results were obtained for each analysis. The last experiment was then saved and reported.
Further information about the composite stability was obtained by XPS and MEB-EDS techniques by studying the surface characteristics and composition at the end of immersion. Figure 1 shows the SEM micrographs of TiO(OH) 2 /MnO 2 and TiO(OH) 2 /MnO 2 /PEG 12000 composites elaborated on a pure copper substrate, respectively from solutions without and with PEG 12000 . By comparing the SEM images, the effect of PEG 12000 in the composite morphology is studied. In the absence of PEG 12000 [8] , the composite TiO(OH) 2 /MnO 2 is characterized by a coarse nodular morphology whose nodules accumulate in the form of islands separated by definite cracks. While the composite TiO(OH) 2 /MnO 2 /PEG 12000 shows a different microstructure based on a multilayer morphology with separate fissures.
Results and Discussion
Morphology and Chemical Composition of TiO(OH) 2 /MnO 2 /PEG 12000 Composite
The cracks in the composites are always existent even in the presence of PEG 12000 , due to the cathodic values of the potential and current density applied for the formation of titanium oxyhydroxide and manganese oxide respectively. They generally occur for quite long electrolysis times due to the internal tensions created between the coating and the substrate and which are mainly expressed during the drying period.
We should note that despite its porous structure, an increase in the thickness of TiO(OH) 2 /MnO 2 /PEG 12000 composite has been verified by GDOES profiling (Fig. 2 ). Indeed, the erosion time required to expose entirely the copper substrate, coated initially by TiO(OH) 2 /MnO 2 /PEG 12000 composite is about 120 s. This value is six times greater than that recorded on the GDOES profile of TiO(OH) 2 / 1 3 MnO 2 reference composite. This assumes that PEG 12000 contributes to the composite thickening, by retarding the erosion of its constitutive elements, and therefore of the copper substrate. Moreover, carbon, manganese, titanium, and oxygen have almost the same dispersion profiles, suggesting that PEG 12000 molecules follow TiO(OH) 2 /MnO 2 composite during electroplating.
The EDS spectra ( Fig. 4) show the chemical composition of the different selected zones (Fig. 3 ) of the composites elaborated on copper with and without PEG 12000 addition.
For EDS analysis, the composition of TiO(OH) 2 /MnO 2 reference composite is predictable, and since this technique has limited sensitivity for elements with low atomic number Z, the carbon hasn't taken into account in the EDS spectrum of PEG free composite [18] , but rather in the later XPS analysis [19] . Indeed, the C1 s peak was employed as a charge correction reference during calibration. Therefore, its constant presence, in the XPS spectra, is linked to the contamination layer formed following the contact of TiO(OH) 2 / MnO 2 composite with ambient air.
TiO(OH) 2 /MnO 2 composite is characterized by an equitable distribution of titanium and manganese on the copper surface (11.2 and 13.7% respectively) ( Fig. 4e) , with the presence of two types of particles, spherical particles on the order of μm consisting essentially of manganese ( Fig. 4a ) and white gains in size close to nm containing mainly titanium ( Fig. 4c ).
Unlike the composite developed in the absence of PEG 12000 , the distribution of titanium and manganese on the surface of TiO(OH) 2 /MnO 2 /PEG 12000 composite is rather uneven. Besides the asymmetric structure of the porous sublayers; titanium oxyhydroxide aggregated particles ( Fig. 4b ) and manganese oxide filaments ( Fig. 4f ), the carbon detected in the different selected areas of TiO(OH) 2 /MnO 2 /PEG 12000 composite, is derived from PEG 12000 adsorbed molecules. The bright white regions in the top layers ( Fig. 3b ) are attributed to PEG 12000 molecules adsorbed on the composite surface, during electroplating, in the form of collapsed spherical grains. The adsorption process on the copper surface begins within the first seconds of the deposition, which affects directly the nucleation process and therefore the composite morphology [14] .
The change of copper content is related to the multilayer morphology of TiO(OH) 2 /MnO 2 /PEG 12000 composite deposited on its surface. Indeed, Cu contents decrease with the increase of the composite thickness in the presence of PEG 12000 , as verified by GDOES, leading to a maximum coverage of the substrate surface.
AFM Analysis of TiO(OH) 2 /MnO 2 /PEG 12000 Composite
Besides the modification of the composite morphology and composition in the presence of PEG 12000 , the roughness was also affected. The surface topographies of TiO(OH) 2 /MnO 2 and TiO(OH) 2 /MnO 2 /PEG 12000 composites were examined by AFM measurements (Fig. 5 ). The mean-square roughness Rq, the average surface roughness Ra and the maximum height Rz parameters were calculated from six measurements ( Table 2) . It should be noted that the topography and thickness of the composites will affect the surface roughness values. Indeed, a multilayer structure in the case of TiO(OH) 2 / MnO 2 /PEG 12000 reinforces the margins of error in measurements (shading effect of peaks amplified by thickness increase). As a consequence, the measured roughness difference between the two composites has the same value as its correlated error. Despite the uncertainty, surface roughness analysis is useful to examine the construction and coherence of the formed composite on the copper surface.
The deposition of TiO(OH) 2 /MnO 2 composite on the copper substrate is partial and non-uniform due to the presence of residual stresses in the deposited composite as well as at the interface with the substrate. The surface is generally rough with occasional less defined peaks ( Fig. 5a ) relative to MnO 2 white particles in the size of µm, dispersed randomly on the composite surface as confirmed in SEM-EDS analysis ( Fig. 4a ). However, these particles are less apparent in the presence of PEG 12000 (Fig. 5b) , which provide better coverage of the substrate. Moreover, spherical PEG 12000 adsorbed particles of nanometric size are dispersively precipitated on the copper substrate [20, 21] (see the selected red square in Fig. 5b ). Therefore, the thickness of TiO(OH) 2 / MnO 2 /PEG 12000 is non-uniformly dispersed at the copper [8] and TiO(OH) 2 /MnO 2 /PEG 12000 (b, d, f) composites selected zones surface due to the presence of the adsorbed PEG 12000 structure, which induces more irregularities. The image analysis showed that its average maximum height was about 2.3 μm. Thus, we can conclude the importance of PEG 12000 to produce improved roughness homogeneity even if a slight increase in the rugosimetric parameters was detected.
It's worth noting that the non-uniformity of TiO(OH) 2 / MnO 2 /PEG 12000 composite is due to the pulverulent nature and poor adherence of manganese oxide and titanium oxyhydroxide on a metallic copper surface. The use of PEG 12000 seems unable to change this powdery state but rather to have a multilayer morphology that ensures maximum coverage of the substrate as revealed by GDOES.
XPS Study
The modification of the composite morphology, composition, and roughness in the presence of PEG 12000 molecules is attributed to their adsorption on copper during electrodeposition.
For more precise information about the adsorbed PEG 12000 , a comparison of the deconvoluted C1s and O1s peaks of TiO(OH) 2 /MnO 2 and TiO(OH) 2 /MnO 2 /PEG 12000 composites was conducted by XPS analysis.
The peak fitted C1s signal of TiO(OH) 2 /MnO 2 composite ( Fig. 6a ) presents a single peak at a binding energy of 284.9 eV. In the database related to the XPS spectra [22] , this peak is mainly representing the adventitious carbon contamination. In general, in the presence of a metal matrix composites, obtaining asymmetric XPS spectra is predictable. This asymmetry, manifested by clear deviations between the recorded XPS spectrum and the symmetric form, appears mainly with the C1s contamination carbon and is characteristic of the metallic state and low energy electronic transitions occurring during the photoemission [23, 24] . In opposition, because of its chemical composition, TiO(OH) 2 /MnO 2 /PEG 12000 composite is insensitive to the adventitious carbon leading to symmetrical C1s signal [19] (Fig. 6b ). Its fitting revealed two main peaks; the first at 284.7 eV is referenced to the C-H/C-C peak and the second at 286.5 eV is attributed to the characteristic structure C-O of PEG 12000 . The presence of carbonyl C=O peak of negligible intensity is related to the aging of PEG 12000 [25] . Its chemical properties can be altered and transform into aldehydes, carboxylates or peroxides, with an improvement of the ionic strength and metal binding [26] .
The deconvolution of O1s signal gives additional information about the presence of PEG 12000 . The curve fitting of both composites shows three contributions; the main peak is attributed to TiO 2 and MnO 2 species while the second one is related to oxygen associated with the oxide/hydroxide films. However, the attribution of High-resolution XPS spectra of the peak fitted O1s signal of a TiO(OH) 2 /MnO 2 and b TiO(OH) 2 /MnO 2 /PEG 12000 composites elaborated on a copper substrate the third peak differs between the two composites; for TiO(OH) 2 /MnO 2 (Fig. 7a ), it is related to water molecules H 2 O trapped between the substrate and the gelatinous film of TiO(OH) 2 (532.8 eV), whereas for TiO(OH) 2 /MnO 2 / PEG 12000 (Fig. 7b) , it corresponds to the C-O bond of PEG 12000 molecules (533.1 eV).
Ti2p and Mn2p high-resolution XPS spectra were also studied to confirm the composite composition (Fig. 8) . The binding energies of Ti2p3/2 and Ti2p1/2 peaks are situated at 458.6 eV and 464.5 eV, respectively (Fig. 8a) . The Ti2p3/2 energy is similar to that of TiO 2 (458.5-458.7 eV) [22] , suggesting the presence of Ti (+ IV) directly bonded to oxygen. Moreover, minor deviations in the binding energy of the Ti2p level confirm the presence of a C-O-Ti bond between Ti and PEG 12000 , following the absence of the characteristic C-Ti peak.
Whereas the binding energies values of Mn2p3/2 and Mn2p1/2 were observed at 641.5 eV and 653.2 eV respectively (Fig. 8b ). The energy difference between them is 11.7 eV, which proves the existence of Mn 4+ in the composite lattice.
It's noted that the noise is amplified in both spectra due to the relative variation of Ti and Mn amounts in TiO(OH) 2 /MnO 2 /PEG 12000 composite.
Corrosion Behavior of TiO(OH) 2 /MnO 2 /PEG 12000 Composite
The effect of PEG 12000 on the corrosion characteristics of TiO(OH) 2 /MnO 2 composite elaborated on pure copper was evaluated in 0.5 M NaCl solution, using open circuit potential and linear polarization curves.
Open Circuit Potential (OCP)
The evolution of OCP over time of pure Cu, Cu/TiO(OH) 2 / MnO 2 and Cu/TiO(OH) 2 /MnO 2 /PEG 12000 systems, separately immersed for one hour in 0.5 M NaCl solution, is represented in Fig. 9 . Table 3 summarizes the OCP values initially and at the end of measurements.
The evolution of OCP for all systems reveal two regions during immersion, namely (i) a sudden decrease of the potential during the first 5 min, due probably to the initial penetration of the solution into the composites pores or the anodic dissolution of the substrate to monovalent copper Cu + and (ii) a potential stability (stationary regime), suggesting surface film formation or passivation, the composites become more homogenous and pore reduced. TiO(OH) 2 / MnO 2 /PEG 12000 composite, presents the largest potential drop indicating surface higher layer sensitivity to Cl − ions. This sudden decrease of OCP is connected to a modification of the electrode surface, induced by an adsorption process [27] .
For Cu/TiO(OH) 2 /MnO 2 (Fig. 9b ) and Cu/TiO(OH) 2 / MnO 2 /PEG 12000 (Fig. 9c ) systems, the recorded potentials shifted to more positive values, particularly in the presence of PEG 12000 . Besides, a high potential margin of 130 mV vs. SCE is verified between pure Cu and Cu/TiO(OH) 2 /MnO 2 / PEG 12000 while this margin is reduced to 90 mV vs. SCE in the absence of PEG 12000 (Table 3 ). These results verify the protective power of PEG 12000 for TiO(OH) 2 /MnO 2 composite in aggressive chloride solution. Although the fact that higher concentrations of Cl − ions (0.5 M) favor the formation of CuCl species at the beginning of immersion, due to the composite pores ( Fig. 1b, d) , PEG 12000 molecules bring the corrosion potential to more noble values. This ennoblement is related to a decrease in the anodic reaction (copper dissolution) due to a complexation process: PEG molecules, adsorbed during electroplating, have a specific number of surface binding sites. Their presence in chloride medium promotes the stability of their adsorbed layer. Indeed, a chemical interaction takes place between the adsorbed PEG12000 and Cl − ions coordinated with Cu + , which in turn becomes bonded to oxygen atoms of PEG molecules [28] . Stable intermediate complexes based on PEG-Cl − -Cu + were then adsorbed in the composite pores, significantly reducing the corrosion phenomenon [21, [29] [30] [31] [32] .
Polarization Curves
Potentiodynamic curves of pure Cu, Cu/TiO(OH) 2 /MnO 2 and Cu/TiO(OH) 2 /MnO 2 /PEG 12000 systems are recorded after 1 h of exposure in 0.5 M NaCl solution (Fig. 10) .
The linear polarization curve of pure Cu in 0.5 M NaCl solution present two anodic peaks (Fig. 10a ). The first corresponds to cuprite Cu 2 O formed on the copper surface at a relatively low potential (2Cu + H 2 O = Cu 2 O + 2H + + 2e − (1)) whereas the second is related to tenorite CuO formation following the oxidation of cuprite layer at more anodic potentials (Cu 2 O + H 2 O = 2CuO + 2H + + 2e − (2)). These two characteristic peaks are followed by a transpassivation domain which is a deep pit [8] .
Potentiodynamic curves of both composites change from the typical one related to pure Cu.
For Cu/TiO(OH) 2 /MnO 2 (Fig. 10b) , even if the two anodic peaks are persistent, their intensities differ from the typical curve (Fig. 10a ). In the one hand, a significant attenuation of Cu 2 O formation peak instead of its removal is justified by a decrease in the number of adsorption sites of Cl − ions on the copper surface following the deposition of a porous composite. In the other hand, a notable increase in the intensity of CuO peak is connected to the oxidation of cuprous chloride CuCl at more positive potentials to release either Cu 2+ ions or to promote the formation of copper hydroxides Cu(OH) 2 [33] . As demonstrated in our previous study [8] , copper reacts in this state as an antioxidant by preventing the composite degradation even at very anodic potentials.
In opposition, Cu/TiO(OH) 2 /MnO 2 /PEG 12000 polarisation curve (Fig. 10c) shows only a single peak divided into two parts; a progressive and significant increase in current due to the rapid formation of a CuCl film (Cu + + Cl − = CuCl (3)) in the porous composite zones with a subsequent decrease proving the formation of intermediate complexes. Indeed, PEG molecules adsorbed during electroplating, combine with CuCl non-passivating films to form PEG-CuCl complexes [14, 29] .
The peak breadth of TiO(OH) 2 /MnO 2 /PEG 12000 composite depends on the mass transfer rate: the diffusion rate of CuCl species at the electrode surface. So, the larger the oxidation peak, the more the diffusion occurs [34] . For pure Cu and TiO(OH) 2 /MnO 2 systems, cuprous oxide CuO (origin of the 2nd peak) was formed by cuprite Cu 2 O oxidation (1st peak). Therefore, the absence of the 2nd anodic peak for TiO(OH) 2 /MnO 2 /PEG 12000 composite, proves that the first product formed by oxidation is CuCl with low water solubility.
Therefore, Cl − are no longer aggressive but rather stabilizing ions [29] by the formation of PEG-CuCl complexes, which react as barrier species against copper pitting corrosion [35, 36] , hence the absence of the transpassivation domain (Fig. 10c) . Therefore, the subsequent increase in current after the single anodic peak is due to the dissolution of the non-complexed CuCl films at more anodic potentials.
So contrary to Cu/TiO(OH) 2 /MnO 2 system (Fig. 10b) , it's the presence of PEG 12000 that enhances the corrosion resistance of the composite in chloride solution (Fig. 10c) .
The XPS spectrum was used to confirm the presence of PEG-CuCl complexes (Fig. 11 ). All elements of TiO(OH) 2 / MnO 2 /PEG 12000 composite are present on the copper surface even after corrosion tests. The presence of the spectral zones corresponding to the atomic orbitals and Auger transitions Ti2p1, Ti2p3, Mn2p1, Mn2p3, O1s, C1s, Cu2p1, Cu2p3, Cl2s, Cl2p, Ti LMM, Mn LMM, Cu LMM, C KLL, and Cl LMM, was then detected.
The difference in binding energies between the Cu2p1 and Cu2p3 positions is less than 20 eV. As well, Cu2p3 and Cl2p3 peaks are at the binding energies of 932.4 eV and 198.1 eV, respectively. These values confirm, in the XPS database, the presence of monovalent copper Cu + in the form of CuCl [22, 37] . Besides, the comparison of C1s, Cu2p3, and Cl2p3 peak intensities, suggests that these latter are derived from PEG-CuCl intermediate complexes which limit the diffusion of copper ions in solution.
Evaluation of the Stability of TiO(OH) 2 /MnO 2 / PEG 12000 Composite
The stability of TiO(OH) 2 /MnO 2 /PEG 12000 composite was evaluated in a weakly chlorinated medium (0.05 M NaCl), by recording the impedance spectra over time followed by a study of its surface morphology and composition at the end of immersion by XPS and MEB-EDS analysis. Further explanation was provided by comparing Nyquist diagrams of pure Cu, Cu/TiO(OH) 2 /MnO 2 and Cu/TiO(OH) 2 /MnO 2 / PEG 12000 systems at different immersion time in chloride medium. Figure 12 represent Nyquist diagrams of the three systems recorded at different immersion time in 0.05 M NaCl solution.
Evolution of the Characteristic Parameters of the Electrochemical Interface by Impedance Spectroscopy
The Nyquist plots of the three systems were fitted using the circuit model illustrated in Fig. 13 .
A dispersion of frequencies often describes a variation of capacitance [38] , expressed in terms of constant phase element CPE (Q, α) behavior. The coefficient α translates the deviation from an ideal system (α = 1). In our case, the use of CPE is necessary for the equivalent circuit ( Fig. 13) and is related to the heterogeneity, the roughness and the porosity of the electrode surface [39, 40] .
Orazem et al. proposed a simple graphical method allowing to extract some parameters without resorting to the adjustment of the spectra by equivalent electrical circuits [41] . The transition from a non-ideal CPE behavior to an effective capacitance C eff promotes the attribution of different physical phenomena (film, double layer, faradic process). The slope of Log | | | Z j | | | = f (Log (freq)) gives the α coefficient and the horizontal asymptote of Q eff = f (Log (freq)) curve, plotted using Eq. 1, gives Q eff value [41] .
The transition from Q eff (Ω −1 cm 2 s α ) to C eff (F cm −2 ) was achieved using Eq. 2 [42] .
The electrochemical parameters estimated from the adjustment of impedance diagrams ( Fig. 13 ) and deduced by graphical methods for pure copper, Cu/TiO(OH) 2 /MnO 2 and Cu/TiO(OH) 2 /MnO 2 /PEG 12000 systems after 13 days of immersion, are given in Table 4 .
In our previous study, the immersion medium was a 0.5 M NaCl solution, often employed as a reference electrolyte, Fig. 11 Full range XPS spectrum of TiO(OH) 2 /MnO 2 /PEG 12000 composite formed on copper after OCP and linear polarization studies equivalent to NaCl content in seawater. Although this medium allows approaching real conditions, it accelerates the corrosion kinetics, given the aggressiveness of chloride ions towards the copper substrate [43] .
In this study, the choice of a less concentrated NaCl solution (0.05 M) seems necessary, to decelerate and thus better visualize the phenomena that can occur on the copper surface (film, charge transfer or corrosion). In other words, the influence of Cl − ion concentration on the corrosion sensitivity was identified by EIS studies. A 0.5 M NaCl solution was used to understand the corrosion phenomena of Cu/ TiO(OH) 2 /MnO 2 system, the fitting was possible, only with a single time constant. Whereas in a more diluted medium (0.05 M NaCl), the aging of pure Cu, Cu/TiO(OH) 2 /MnO 2 and Cu/TiO(OH) 2 /MnO 2 /PEG 12000 systems is rather studied, each system involves then two-time constants.
In general, chloride concentration directly controls the corrosion kinetics. Indeed, Cl − ion possesses a high power of penetration into oxide films, given its small size and its mobility as well as its action independent of the associated cation Na + .
In the case of TiO(OH) 2 /MnO 2 /Cu system, the high-frequency loop, related to the composite film, is only visualized with a more diluted NaCl solution (0.05 M) ( Fig. 13) . So, the corrosion is less expressed at low Cl − concentrations. While in higher concentrated medium (0.5 M), Cl − ions induce the partial dissolution of copper and hence the appearance of pits. A single capacitive loop is then visualized, related to the charge transfer process, occurring through these created pores.
Thus, the modeling of Nyquist plots of all systems, immersed in 0.05 M NaCl solution, was carried out using a single equivalent electrical circuit (Fig. 13 ). It includes in series with the electrolyte resistance R e , two-time constants. The first one, at high frequencies, consists of a non-ideal capacitance (Q f , α f ) in parallel with the film resistance R f , assigned to the formation of Cu 2 O and CuO oxide layers for pure Cu system (Fig. 12a) or to the presence of TiO(OH) 2 / MnO 2 and TiO(OH) 2 /MnO 2 /PEG 12000 composites on the substrate surface (Fig. 12b, c) . The estimated value of the effective capacitance C f * was a few tens of nF.cm −2 for pure copper whereas, for both composites, it's much higher, expressed in μF cm −2 ( Table 4 ).
The electrical double layer corresponds to the region at the metal/solution interface containing a charge separation, and whose electrical neutrality is ensured. The charging effect at the interface causes then the appearance of a capacitive current, represented by the double layer capacitance at the origin of the second low-frequency time constant (C * dl , R ct ). C dl represents the effective double layer capacitance, and R ct is the charge transfer resistance across the film pores.
The value of the interfacial capacitance C dl * is on the order of μF cm −2 for pure copper (Table 4 ), which reveals that only a tiny portion of the copper surface is involved in the electrochemical reactions. In fact, the passivation film formed covers almost the substrate surface with the presence of some pores. This justifies the simple discernment of the two capacitive loops linked to film and charge transfer processes.
While for the composite-electrolyte interface, the double layer is different from that of the metal-solution interface. The transfer of aggressive anions through the TiO(OH) 2 / MnO 2 and TiO(OH) 2 /MnO 2 /PEG 12000 films is up to the metal-composite interface. A double-layer capacitance, of the order of mF.cm −2 ( Table 4 ), indicates that a large part of the substrate surface is in contact with the electrolyte. This is in good agreement with SEM micrographs, which reveal some uncoated areas. C dl * gives information on the roughness and heterogeneity of composites on the surface and especially the appearance of an adsorption process involving some species of the electrolyte (Cl − ions for Cu/TiO(OH) 2 / MnO 2 and CuCl species for Cu/TiO(OH) 2 /MnO 2 /PEG 12000 ).
It's worth to note that the superposition of the experimental diagrams to the measurement model fit, with an error of modeling less than 3% (Chi-square value in the order of 10 −3 ) shows that the proposed circuit is quite suitable.
Generally, α f and α dl coefficient values vary between 0.7 and 0.9 for many electrode systems in the studied frequency-domain. However, they may deviate slightly and tend to decrease at higher frequencies, as in our case. Indeed, for each system, an increase in the resistance of the porous films R f during immersion is accompanied by a decrease in the film effective capacitance C f * (values not shown). This evolution reflects the thickening of the surface layer during 13 days of immersion ( Fig. 17a ). However, it should be noted that the parameter α is also dependent on this exposure time. By correlating the variation of C f * with that of the parameter α, a modification of the dielectric properties of this layer is provided. Therefore, a low C f * and a coefficient α close to 0.7-0.8 is characteristic of passive behavior.
A good agreement of the experimental and fitted spectra ( Fig. 12 ) proves that the impedance can be correctly represented with a model involving two CPE elements. However, the comparison of the experimental and theoretical values of the different electrochemical parameters reveals some differences (Table 4) :
-The electrolyte resistance R e *, which presents the highfrequency limit of the impedance module, seems to increase for all systems. Indeed, the immersion medium is relatively diluted (0.05 M NaCl). So, a measurement artifact can occur at high frequencies.
Generally, the more diluted medium, the more is marked this measurement artifact, due to the use of the reference electrode. The modeling offers corrections to this ohmic drop. Hence, R e values are relatively low compared to those obtained by graphical method. -For all systems, the values of the effective film capacitance C f * are smaller than those recorded after fitting. But, considering the low conductivity medium and the presence of composite films, the copper surface in direct contact with the electrolyte is then restricted. This capacitance can then be allocated to the presence of surface films. -Since the impedance measurement limit was set at 2 mHz, the low-frequency loop R ct //C dl * was determined with a large extrapolation, whereas the values obtained by modeling are relatively reliable. This means that the measurement of low-frequency impedance is not done with sufficient accuracy or that the resistive and capacitive elements of the impedance depend on the frequency. Hence the reported increase of the effective capacitance C dl * calculated by graphical method compared to that of the fitting. -The value of α parameter is extracted graphically by measuring the Nyquist curve slope in the frequency domain associated with the CPE behavior. Its decrease observed especially at low frequencies is related to the deformation of the semicircles following the frequency dependence of the resistive or capacitive parts of the impedance.
To evaluate the protection efficiency, the polarisation resistance R p was calculated according to the relation R p = R e + R f + R ct . It can also be estimated from Bode diagrams as the module of the total impedance at the lowfrequency limit | | Z 2mHz | | . Figure 14 gathers histograms relative to R p evolution of pure Cu, Cu/TiO(OH) 2 /MnO 2 and Cu/TiO(OH) 2 /MnO 2 / PEG 12000 systems., during immersion in 0.05 M NaCl solution.
The values of polarization resistance R p , recorded during immersion, are significantly higher with Cu/TiO(OH) 2 / MnO 2 /PEG 12000 system, reflecting a better corrosion protection efficiency. R p reached a maximum value of 52 kΩ cm 2 after 7 days of immersion. Nevertheless, this efficiency seems limited in time since it begins to decrease slightly from 9 days of exposure. In parallel, the ionic strength and the dissolution resistance R ct of Cu/TiO(OH) 2 /MnO 2 / PEG 12000 system, increase over time with a decrease of the double layer capacitance (values not shown). Therefore, the corrosion current decreases and TiO(OH) 2 /MnO 2 /PEG 12000 composite becomes more resistant. Indeed, its good stability in 0.05 M NaCl solution can be resumed in two steps; copper oxidation in the composite pores to monovalent ions Cu + , followed by CuCl diffusion at the composite/solution interface, which combines with PEG 12000 already adsorbed during electroplating, to form PEG-CuCl adsorbed complexes. Their presence on the substrate surface reinforce the composite stability so the diffusion rate of Cl − ions in the composite pores is minimized and both ionic and charge transfers are also reduced. Therefore, an analysis of the surface condition of the aged TiO(OH) 2 /MnO 2 /PEG 12000 composite at the end of immersion by XPS and SEM-EDS techniques seems necessary, to identify the presence of PEG-CuCl complexes, which are responsible for the persistence of the composite layer after prolonged immersion. The effect of PEG-CuCl on the change of the composite morphology and composition was also verified at the end of immersion.
Morphology and Composition Studies of the
The deconvolution of the C1s peak relative to TiO(OH) 2 / MnO 2 /PEG 12000 composite, after 13 days of immersion in 0.05 M NaCl solution (Fig. 15 ), shows 3 contributions: the C-C or C-H bonds at 284.8 eV, the PEG characteristic C-O peak at 286.5 eV and the ketone C=O and ester O-C=O peaks at 288.4 and 290.5 eV respectively.
The C-O content, characteristic of PEG 12000 /composite coupling, decreases as the aging time increases (Fig. 15 ). After composite surface saturation with adsorbed PEG-CuCl complexes, the aged PEG decomposes into esters and ketones (rupture of weak bonds, emission of small molecules) at the expense of the C-O bond [44] . The correct adjustment of the experimental signal requires the addition of an ester contribution with substantially low intensity.
The XPS spectra of Cu 2p3/2 and Cu2p1/2 for TiO(OH) 2 / MnO 2 /PEG 12000 composite before and after aging, were deconvolved to confirm the presence of PEG-CuCl complexes after 13 days of immersion ( Fig. 16 ).
The absence of satellite peaks in both spectra excludes the presence of Cu 2+ . After composite deposition, copper remains in the metallic state. Indeed, the values of Cu 2p3/2 and Cu2p1/2 binding energies are at 932.6 eV and 952 eV respectively, which are in good agreement with the literature. Whereas after 13 days of immersion in chloride medium, copper is in the monovalent state. Indeed, Cu 2p3/2 and Cu2p1/2 are situated at 932.4 eV and 952.3 eV, suggesting the presence of CuCl species derived from PEG-CuCl complexes. However, it is difficult to distinguish between Cu 2 O and CuCl binding energies. But based on the deconvolution results of the C1 s spectrum of the composite after aging, CuCl is present and remains attached to the PEG 12000 molecules through its binding sites. The SEM-EDS and XPS analysis are in good agreement about the presence of PEG-CuCl complexes. TiO(OH) 2 / MnO 2 /PEG 12000 micrographs show clearly the protective power of PEG 12000 against the composite degradation after a prolonged immersion in chloride medium. Indeed, PEG-CuCl complexes clogged the composite pores (Fig. 17) . The agglomerated crystals with a triangular side and smooth faces, developed upon the composite, are related to nantokite CuCl of PEG-CuCl complexes and cuprite Cu 2 O species [45] [46] [47] . The surface analysis by EDS at different locations of the coated surface confirms the composition of these crystals formed with Cu 30%, Cl 15%, and O 50% (Fig. 18 ). Regardless of shapes, the particle size is approximately 2 µm.
Conclusion
The present study shows that TiO(OH) 2 /MnO 2 /PEG 12000 composite can be electrodeposited on a copper substrate to improve its surface characteristics and corrosion behavior. Despite its porous and rough structure, the adsorption of PEG 12000 molecules during electroplating increase the composite thickness and therefore reduce its dissolution rate. Indeed, as demonstrated by OCP measurement and linear polarization curves, TiO(OH) 2 /MnO 2 /PEG 12000 exhibited the best corrosion protection in 3% NaCl solution, by the formation of barrier type PEG-CuCl complexes, preventing copper pitting corrosion.
The long-term stability of TiO(OH) 2 /MnO 2 /PEG 12000 composite in 0.05 M NaCl, confirmed by EIS, reflects an improvement in the composite corrosion resistance in the presence of PEG-CuCl complexes which act as clogging species and thus pore reducers, as verified by XPS and MEB-EDS analysis.
The originality of this work is that, contrary to the conventional method, PEG wasn't added in corrosive medium as an inhibitor but rather in deposition baths as additive. Nevertheless, its contribution appears in both media; during electroplating by modifying TiO(OH) 2 /MnO 2 surface properties and during corrosion tests by improving the stability and anticorrosion behavior of coated copper in aggressive chloride medium. 
